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We have employed Soft and Hard X-ray Resonant Magnetic Scattering and Polarised Neutron
Diffraction to study the magnetic interface and the bulk antiferromagnetic domain state of the
archetypal epitaxial Ni81Fe19(111)/CoO(111) exchange biased bilayer. The combination of these
scattering tools provides unprecedented detailed insights into the still incomplete understanding of
some key manifestations of the exchange bias effect. We show that the several orders of magni-
tude difference between the expected and measured value of exchange bias field is caused by an
almost anisotropic in-plane orientation of antiferromagnetic domains. Irreversible changes of their
configuration lead to a training effect. This is directly seen as a change in the magnetic half order
Bragg peaks after magnetization reversal. A 30 nm size of antiferromagnetic domains is extracted
from the width the (1/2 1/2 1/2) antiferromagnetic magnetic peak measured both by neutron and
x-ray scattering. A reduced blocking temperature as compared to the measured antiferromagnetic
ordering temperature clearly corresponds to the blocking of antiferromagnetic domains. Moreover,
an excellent correlation between the size of the antiferromagnetic domains, exchange bias field and
frozen-in spin ratio is found, providing a comprehensive understanding of the origin of exchange
bias in epitaxial systems.
PACS numbers: 75.60.Jk, 75.70.Cn, 61.12.Ha
I. INTRODUCTION
Although the first exchange biased system was engi-
neered by nature a few billion years ago [1], its obser-
vation has been possible only 60 years ago by Meikle-
john and Bean [2], when studying Co particles embedded
in their natural oxide (CoO) matrix. After the discov-
ery of the Giant Magnetoresistance (GMR) effect [3, 4]
the exchange bias (EB) effect has become an integral
part of modern magnetism with implications for ba-
sic research and for numerous device applications like
magneto-electronic switching devices (spin-valves) and
for random access magnetic storage units. For these ap-
plications a predictable, robust, and tunable exchange
bias effect is required.
The EB effect manifests itself in a shift of the hys-
teresis loop in the negative or the positive direction with
respect to the applied field. Its origin is related to the
magnetic coupling across the common interface shared
by a ferromagnetic (FM) and an antiferromagnetic (AF)
layer. Extensive research is being carried out to unveil
the microscopic origin of this effect [5, 6, 7, 8, 9, 10].
The details of the EB effect depend crucially on the AF
∗Florin.Radu@helmholtz-berlin.de
and on the interface separating it from the FM layer.
However, some characteristic features are still under de-
bate: (1) The size of the exchange field is up to several
orders of magnitude lower than expected for many epi-
taxial systems with an uncompensated AF surface; (2)
exchange bias field (HEB) and coercive field (Hc) in-
crease as the system is cooled in an applied magnetic
field below the blocking temperature (TB) of the AF
layer with TB ≤ TN , where TN is the Ne´el tempera-
ture of the AF layer; (3) the magnetization reversal can
be different for the ascending and descending part of the
hysteresis loop [11, 12, 13, 14, 15, 16]; (4)HEB and Hc
can vary when hysteresis loops are measured consecu-
tively, a phenomenon called training effect [17]. Further-
more, a positive HEB has been observed after cooling
an AF/FM system in very high magnetic fields at low
temperatures [18, 19] and close to the blocking temper-
ature [20, 21, 22]. More than 27 theoretical models have
been developed for describing possible mechanisms of the
EB effect. The main motivation for most of them is to
describe the discrepancy between the measured versus
predicted value for the HEB and Hc.
We address this discrepancy by studying an epitax-
ial Ni81Fe19(111)/CoO(111) exchange biased bilayer by
polarized neutron and x-ray scattering and reflectiv-
ity. We show that the exchange bias for an epitaxial
Ni81Fe19/CoO is several orders of magnitude less that
2expected due to the particular domain state of the AF
layer. The available coupling energy is transformed in
coercivity, mediated by the magnetically disordered in-
terface. The blocking temperature of the exchange bias
appears as the blocking of the AF domains, as revealed
by neutron scattering. The temperature behavior of the
frozen-in and rotatable AF spins are compared to the EB
field and average domain sizes.
The paper is organized as follows: in Sec. II we de-
scribe the sample growth and show the structural char-
acterization by x-ray diffraction utilizing synchrotron ra-
diation. In Sec. III we show the formation of AF do-
mains by analyzing the (111) and (1/2 1/2 1/2) charge
and magnetic peaks, respectively. For these measure-
ments we have used Resonant X-ray Diffraction at the
Co K-edge. In Sec. IV. we study the magnetization re-
versal of the ferromagnetic layer by Polarised Neutron
Reflectivity. Using the same geometry, we further char-
acterize the average orientation of the antiferromagnetic
domains by Polarised Neutron Diffraction. Moreover the
temperature dependence of the averaged AF domain size
is extracted from the transverse (1/2 1/2 1/2) magnetic
Bragg peak. In Sec. V. we show the temperature de-
pendence of the uncompensated spins measured by Soft
X-ray magnetic Scattering at the Co L3 edge. In the
same section we discuss the correlation between the AF
domain sizes, uncompensated spins and exchange bias as
a function of temperature. In Sec. VI we provide the
conclusions of our study.
II. SAMPLE GROWTH AND
CHARACTERIZATION
The samples have been grown by dc-magnetron sput-
tering (at BESSY) in an Argon atmosphere of 1.5 x 10−3
mbar with a base pressure of 2 x 10−8 mbar. Unlike
the previously grown CoO layers, where rf-sputtering
was preferred due to the insulating nature of the CoO
target, dc-magnetron sputtering offers the advantage of
higher ´deposition rates and, therefore a thicker CoO
layer can be grown in stable conditions. Five substrate
crystals have been used to test the quality of the CoO
films: MgO(100), MgO(110), MgO(111), Al2O3(0001),
and Al2O3(112¯0). Although the last three substrates
provide the (111) uncompensated surface for CoO, the
highest structural quality was achieved by using an
Al2O3(112¯0) crystal. The substrate was rinsed in ethanol
and cleaned in an ultrasonic bath for 30 minutes. After
annealing to 700 ◦C for 15 minutes, the temperature was
decreased to 500 ◦C where a 2000 A˚ thick CoO layer
was grown. Afterwards, the temperature was further de-
creased to room temperature for the deposition of a 120 A˚
Ni81Fe19 (Permalloy≡Py ) film. To prevent oxidation, a
50 A˚ Au capping layer was grown on top of the bilayer.
The reduced deposition temperature for the Py and Au
layers was chosen in order to reduce temperature induced
interdiffusion at the interface.
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FIG. 1: a) Longitudinal x-ray diffraction along the [111] crys-
tallographic axes. All layers exhibit a Bragg peak. The Py
and Au layers show Laue oscillations suggesting an exception-
ally smooth CoO/Py interface. b) Orientation distribution
of [100] plane normals measured by using asymmetric x-ray
diffraction.The epitaxial relation between the CoO, Py and
Au layer is CoO[11¯0]||Py[11¯0]||Au[11¯0]. All diffractograms
were recorded at E = 8048 eV (λ = 1.5405 A˚).
The structural quality of the samples was studied by
using x-ray scattering at the MAGS [23] and KMC2 [24]
x-ray beamlines at BESSY (Fig.1a) and Fig.1b), respec-
tively) using λ = 1.5405 A˚. Preliminary diffraction mea-
surements were done in the BESSY Crystallography Lab-
oratory at the two-crystal x-ray diffractometer TRS-1. A
longitudinal Bragg scan is shown in Fig. 1a. The CoO
peak at Q=2.549 A˚−1 occurs at the tabulated value sug-
gesting a stoichiometric growth [25]. The Py peak at
Q=3.07 A˚−1 exhibits Laue oscillations which are indica-
tive of an excellent smoothness of the Py/CoO inter-
face. Even the Au capping layer peak at Q=2.67 A˚−1
exhibits two Laue oscillations, one at Q=2.77 A˚−1 and
another one at Q=2.57 A˚−1, below the CoO peak. In
order to probe the epitaxy relations between the layers
we have measured azimuthal scans around the [100] crys-
tallographic orientation, which makes an angle of 35.26◦
with respect to the sample surface. Six fold symme-
try indicates that the CoO layers consist of at least two
crystallographic domains [26] rotated 60◦ with respect to
each other. The epitaxial relation extracted from these
data can be expressed as : CoO[11¯0]||Py[11¯0]||Au[11¯0]
and corresponds to the Nishiyama-Wassermann epitax-
3ial growth [25, 27].
III. OBSERVATION OF
ANTIFERROMAGNETIC DOMAINS BY
RESONANT X-RAY MAGNETIC SCATTERING
The domain formation in the AF CoO layer was stud-
ied using x-ray magnetic scattering at the Co K-edge.
Measurements were done at the 7 T multipole wiggler
beamline MAGS, operated by the Helmholtz-Zentrum
Berlin at the synchrotron source BESSY II [23]. The
sample was cooled from 300 to 10 K in a 800 Oe mag-
netic field applied parallel to the sample surface. The
peak shape of the structural (111) and the AF (1
2
1
2
1
2
)
Bragg peaks was measured both in the (θ/2θ) and the
transverse (θ rocking scan) geometries. Linear polarisa-
tion analysis with Au(111) crystal was used to separate
structural and magnetic contributions.
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FIG. 2: Resonant X-ray Magnetic Scattering at the Co K
edge: a) longitudinal and b) transverse (111) Bragg peaks; c)
longitudinal and d) transverse ( 1
2
1
2
1
2
) Bragg peaks. The struc-
tural (111) peaks provide information about in-plane and out-
of-plane charge correlation. The longitudinal and transversal
half order peaks ar wider as compared to charge scattering,
suggesting the formation of AF domains. The width of the
magnetic transverse scan provides the in-plane magnetic co-
herence length for the AF domains. The scans have been
measured at 10 K after cooling the sample from above room
temperature in an external magnetic field.
Comparing the structural to the magnetic longitudinal
peaks (Fig. 2a versus Fig. 2c) we observe an increase of
the full width at half maximum (FWHM) from 0.011 A˚−1
to 0.013 A˚−1, respectively. The width of the magnetic
peak (1
2
1
2
1
2
) becomes wider as compared to the structural
one (111), suggesting formation of AF domains. Scat-
tering at the magnetic inhomogeneities provided by the
domain walls will diminish the average coherence length,
providing an increased width of the longitudinal (1
2
1
2
1
2
)
magnetic peak with respect to its (111) charge scattering
counterpart.
The transverse scan shown in Fig. 2d probes the in-
plane average size of AF domains, often identified as the
magnetic coherence length (LAF = 2pi/FWHM) [28,
29]. An almost Lorentzian shaped transverse scan
(Fig. 2d) is indicative for a broad distribution of domain
sizes with a mean value of LAF ≈ 30 nm. The widths are
free of instrumental resolution. Its shape is also quite dif-
ferent from the structural (111) transverse scan (Fig. 2b).
A sharp coherent contribution is clearly visible on top of
a much broader diffuse peak. The presence of the sharp
peak confirms a high film quality, but random vacancies
and stacking faults contribute to the broad diffuse charge
scattering which becomes more prominent as the film
grows thicker [30]. Notice that the correlation lengths
for both structural and magnetic peaks are very close in
magnitude, suggesting that the AF domain size is only
slightly smaller as compared to the grain size.
IV. MAGNETIZATION REVERSAL AND THE
ANTIFERROMAGNETIC DOMAIN STATE BY
POLARISED NEUTRON REFLECTIVITY AND
POLARISED NEUTRON DIFFRACTION
Having established the existence of AF domains in the
AF layer, we study now their average in-plane orientation
using neutrons. Polarised neutron reflectivity(not shown)
(sensitive to ferromagnetism) and diffraction (sensitive
to the antiferromagnetism) have been performed at the
ADAM diffractometer at the Institut Laue Langevin,
Grenoble [31]. Taking advantage of the large scattering
angles available (2θ: 0-125◦), we have accessed the half-
order Bragg peak (1
2
1
2
1
2
) and measured spin analyzed
reflection under the same conditions as low angle neutron
reflectivity. The (111) Bragg peak was not accessible due
to the large neutron wavelength (λ=4.41 A˚) available for
this experiment.
A. Polarised Neutron Reflectivity study of the
ferromagnetic layer
In Fig. 3 the magnetization reversal and the hysteresis
loops are shown. The sample has been cooled from above
the Ne´el temperature of CoO (TN=291 K) to 10 K in an
external magnetic field of 2 KOe to establish a unidirec-
tional anisotropy. After field cooling in saturation, po-
larized neutron reflectivity curves were measured at 10 K
to find the geometrical conditions (incident and outgoing
angles) for maximum magnetic contrast [20] for the fer-
romagnetic layer. At this fixed geometry, spin-flip (SF)
(I+−,I−+) and non spin-flip (NSF) (I++,I−−) reflected in-
tensities were measured by sweeping the magnetic field.
The SF intensities sense the magnetization component
perpendicular to the applied field and scattering plane,
whereas the NSF reflectivities is sensitive to the magne-
tization components parallel to the applied field. The
field where the NSF reflected intensities are equal defines
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FIG. 3: The hysteresis loops a) and the magnetization reversal
b) of the ferromagnetic layer. The NSF and SF scattering at
the ( 1
2
1
2
1
2
) antiferromagnetic half order Bragg peak: c) virgin
state after field cooling from room temperature to 10 K and
d) the trained state after reversing once the magnetization.
Both sets of data (c and d) are measured in an external field
of 2 kOe.
the coercive fields Hc1 and Hc2, whereas the SF provides
information on the magnetization reversal. We observe
that on both sides of the hysteresis loop the remagne-
tization process of the ferromagnetic layer proceeds by
domain wall movements. This is seen as vanishing SF
intensities at the coercive fields. A rotation of the mag-
netization would lead to a strong increase of the SF re-
flectivity which is absent at both legs of the hysteresis
loop. This contrasts with earlier observations, where an
asymmetric reversal has been observed, albeit for a much
thinner AF layer [16, 20]. Defining the spin asymmetry
as: SA(B) = I++ − I−−/(I++ + I−− + I+− + I−+),
the normalized spin asymmetry (SA(B)/SA(Bsat)) al-
lows us to measure a hysteresis loop. By measuring a
second consecutive hysteresis loop, we observe that the
system exhibits a small but clear training effect. The
characteristics of the hysteresis loops are: a) the mag-
netization reversal proceeds via domain nucleation and
propagation for the first and all consecutive loops; b) the
exchange bias field is several orders of magnitude lower
than predicted (HEB ≈ 20 Oe) and the coercive field is
high Hc ≈ 650 Oe. The exchange bias field is predicted to
be HEB ≈ 2000 Oe, whereas the coercive field should not
differ from the intrinsic value for the Py layer which is
about 5 Oe [2, 9]; c) a small training effect is clearly seen
by comparing two consecutive hysteresis loops shown in
Fig. 3a. Further hysteresis loops exhibits weaker relative
changes (not shown).
B. Polarised Neutron Diffraction study of the
antiferromagnetic layer
Fig. 3c and Fig. 3d show polarised neutron measure-
ments which are sensitive only to the antiferromagnetic
layer, taken after field cooling the sample from above
TN to 10 K, before and after reversing the magnetiza-
tion. Spin analyzed transverse scans were measured at
the magnetic (1
2
1
2
1
2
) reciprocal point (Fig. 3c). We men-
tion that a λ/2 contamination of the neutron beam can be
excluded due to the vanishing intensity of the half order
peak above TN (see Fig. 5a). The transverse scans carry
information about the average antiferromagnetic domain
size and average orientation. The first observation is
that after field cooling the NSF and SF cross-sections
are practically equal (see Fig. 3c). This translates into
almost equally populated {111} domains with a virtually
anisotropic in-plane distribution of the AF spins. On
average, an equal number of AF spins are oriented paral-
lel and perpendicular to the ferromagnetic spins, respec-
tively. We have calculated a lateral coherence length of
≈ 30 nm, in agrement with the Resonant X-ray Magnetic
Scattering results above (compare to Fig. 2d). As a re-
sult, the cooling state of the Py/CoO system acquires a
noncollinear magnetic state with a virtually anisotropic
in-plane distribution of the AF domains, while the FM
spins are aligned with the external field.
After reversing the magnetization at Hc1, the mag-
netic state of the AF layer may change as suggested in-
directly by the magnetic interfacial roughness measured
before [13], leading to a training effect. By measuring
the magnetic Bragg peak of the AF we access now di-
rectly the stability of the AF domain structure upon
reversal. The spin-analyzed transverse scans shown in
Fig. 3d were measured after a complete hysteresis loop.
The external conditions for the scans before and after re-
versal are identical, therefore, we may directly compare
the virgin state of the AF layer after field cooling to the
trained one. Surprisingly, after reversal the AF domain
state does undergo irreversible changes. Under the influ-
ence of a strong direct interfacial coupling some domains
appear to rearrange towards their stable configuration.
The NSF intensity becomes stronger at the expense of
SF scattering. This directly demonstrates that one ori-
gin of the training effect can be attributed to AF domain
reorientation upon magnetization reversal.
Now we describe an experiment (shown in Fig. 4) which
can distinguish between an anisotropic in-plane AF spins
orientations and a random AF spin orientational distri-
bution. By an anisotropic in-plane orientations we un-
derstand that the AF spins may be directed preferentially
parallel to the anisotropy axes provided by the crystal-
lographic axes, whereas a random orientational distri-
bution of the AF spins would exhibit no preferential in-
plane orientation. To this end we performed an azimuthal
scan by measuring SF and NSF neutron integrated in-
tensities at the (1
2
1
2
1
2
) Bragg position while rotating
the sample around its normal. Knowing that the scat-
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) Bragg peak integrated
intensities measured as a function of the azimuthal angle. The
lines correspond to the theoretical expectations (calculated
Eqs. 1 with n=3 and γ = pi/3) when assuming a six fold AF
spin axes symmetry, in agreement with the structural data
shown in Fig. 1b. This graph shows that the AF spins are
not randomly oriented in the film plane, but aligned with the
crystallographic axes.
tering is a coherent process and that the SF probability
is sensitive to the projection of the spin direction onto
the SF axis but not to the absolute orientational angle,
one would expect the normalised SF and NSF integrated
intensities to be equal to:
ISF
ISF + INSF
= (
n−1∑
0
| sin (φ − γ ∗ n)|)2 (1)
INSF
ISF + INSF
= 1− (
n−1∑
0
| sin (φ − γ ∗ n)|)2,
where the integer n = pi/γ is the symmetry number, γ is
the symmetry angle of the anisotropy axes, and φ is the
azimuthal angle with φ = 0 defining the direction of an
AF anisotropy axis. To obtain the equations above we
also used a conservation law constraining the sum of the
NSF and SF intensities to be constant as a function of
the azimuthal angle. Assuming the AF spins to be ori-
ented along the crystallographic (anisotropy) directions
and making use of the structural data shown in Fig. 1b,
we extracted γ = pi/3 and n = 3. For this case, a SF
and NSF integrated intensities modulation reflecting the
six fold structural symmetry should be observed. For the
other case, of randomly in-plane oriented AF spins, the
normalised SF and NSF yields should show a straight
line as a function of the azimuthal angle. In Fig. 4 the
experimental normalized SF and NSF integrated intensi-
ties are plotted as a function of the azimuthal angle (φ).
The sample has been cooled down to 10 K in an external
field of 2 KOe applied almost parallel to one of the AF
anisotropy axis. The field was reversed as to induce the
training effect. Then, the external field was reduced to
about 50 Oe. We observe clear oscillations with a peri-
odicity of 60 degrees for both NSF and SF signals. The
excellent agreement between the expected values (calcu-
lated by Eqs. 1 with n=3 and γ = pi/3) based on the
crystallographic data and the experimental observations
in Fig. 4 leads us to the conclusion that the AF spins fol-
low closely the anisotropy axes. They are not randomly
oriented in-plane.
These anisotropic orientations of the AF domains pro-
vide on average a virtually compensated interface and,
therefore, the exchange bias is several orders of magni-
tude lower than expected. An AF domain state is at the
core of the Domain State model [32, 33, 34, 35, 36, 37, 38,
39]. Their orientation is parallel to the anisotropy axis
of the AF layer which has an unique direction. Here we
observe experimentally a more complex configurations of
AF domains, with orientations distributed in-plane and
parallel to the three anisotropy axes. The Spin Glass
(SG) model [9, 40] predicts a reduced AF anisotropy at
the interface. This assumption may help to understand
this particular domain state. Upon field cooling, the AF
acquires its intrinsic domain state inside the film and by
further cooling this configuration propagates towards the
surface, minimizing the role of interfacial coupling.
To further confirm the influence of the AF domains
on the exchange bias we have measured temperature de-
pendent AF Bragg peaks (not shown). They provide
information on the antiferromagnetic order in a rather
straightforward manner: above the Ne´el temperature
the intensity of the half order peak peak vanishes (see
Fig. 5a), whereas at temperatures for which the long
range AF order is established it acquires non vanishing
values. The integrated peak intensity as a function of
temperature provides the order parameter and the Ne´el
temperature, which is 291 K for this sample, in agree-
ment with earlier bulk measurements [41]. Moreover, the
width of the AF peak shown in Fig. 5b containes ad-
ditional information on the temperature dependence of
the average AF domain size and the onset of their sta-
bility. The FWHM increases linearly as the temperature
decreases, which translates into a smaller average domain
size at low temperatures. The domain size evolution as
function of temperature may be correlated with an in-
crease of the wall width (grain boundary). This may
be understood as an interplay between AF anisotropy
and stiffness strengths. For instance, assuming random
fields, Malozemoff model [49, 50, 51] provides an analyti-
6cal dependence for the characteristic length of the AF do-
mains, namely LAF ≈
√
(AAF /KAF ), where AAF is the
exchange stiffness and KAF is the anisotropy of the anti-
ferromagnet. Assuming that the anisotropy KAF grows
faster as compared to the exchange stiffness AAF , one
would expect a shrinking domain size when decreasing
the temperature. The other situation, when AAF grows
faster as compared to KAF , would lead to an increased
AF domain size. Our experiments show a shrinking av-
erage domain size at low temperatures. This allows us to
suggest that an anisotropy increase towards lower tem-
peratures predominantly governs the average AF domain
size. Another striking behavior is the observation of a
characteristic temperature where the AF domains reach
stability against the exchange interaction with the FM
layer. This blocking temperature is TB=280 K and is
lower then the Ne´el temperature. This correlates remark-
ably well with the blocking temperature for the exchange
bias, to be discussed further below. By contrast, the Ne´el
temperature is the critical temperature which defines the
onset of long range spin order (against thermal fluctua-
tions).
V. TEMPERATURE DEPENDENCE,
FROZEN-IN UNCOMPENSATED SPINS,
BLOCKING TEMPERATURE
Soft x-ray magnetic scattering measurements were per-
formed at the UE46 HZB End Station (Fig. 5c) and Al-
ice diffractometer [42] (Fig. 5d and Fig. 5e) operated at
BESSY. By tuning the energy close to the Co L3 absorp-
tion edge, we have measured reflectivity curves which
allow us to select the scattering conditions for maximum
magnetic contrast [43]. In this way we measured ele-
ment specific hysteresis loops as a function of tempera-
ture which yield the Hc and HEB shown in Fig. 5d and
Fig. 5e, respectively. Flipping the circular helicity of X-
rays as well as the magnetic field allows us to separate
rotatable and frozen-in AF spins [9] which are depth and
laterally uncompensated (Fig. 5c). By contrast an ideal
uncompensated monolayer assumed by the Meiklejohn
and Bean (M&B) model [44] is essentially depth and lat-
erally compensated (see previous section) for our large
AF layer, therefore it will not contribute to a shift of the
macroscopic hysteresis loop. Sensitivity to monoatomic
uncompensated M&B spins appears to be provided by a
more localized probe like x-ray magnetic circular dichro-
ism as debated in Refs. [45, 46].
Measuring the reflected intensity for circularly right
(Iσ+) and left (Iσ−) polarized x-rays while sweeping the
external field, one obtains a hysteresis loop provided by
the asymmetry ratio as a function of an external field:
A(H) ≡ A = (Iσ+− Iσ−)/(Iσ++ Iσ−). This asymmetry
ratio resolves vertical shifts of the hysteresis loops, with
respect to the magnetization axis. Now, the frozen-in and
rotatable AF uncompensated components are extracted
from the positive (Apossat ) and negative (A
neg
sat ) magnetic
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FIG. 5: Temperature dependence of integrated intensity of
the AF magnetic peak (a), in-plane AF coherence length (b),
frozen-in and rotatable AF spins (c), and exchange bias (e)
and coercive (d) fields.
saturation values of asymmetry as: AF = (Apossat+A
neg
sat )/2
and AR = (Apossat − A
neg
sat )/2, respectively. These two ex-
perimental observables are plotted in Fig. 5c as a function
of temperature. The sum of rotatable and frozen-in spins
is seemingly constant (not shown) and extends through
the Ne´el temperature [43, 47, 48]. Note that the ro-
tatable asymmetry component is much larger than the
frozen asymmetry. At the blocking temperature, how-
ever, 3% of these rotatable AF spins become frozen with a
sharp characteristic onset. Note that the absolute asym-
metry values for the frozen-in spins (Fig. 5c)) is below
0.0015, which reflects an exceptionally high precision (not
achieved before) for these measurements. At lower tem-
peratures a linear increase of the frozen-in asymmetry
is clearly observed and correlates with the in-plane AF
coherence length. The direct relation between the size
of AF domains and the uncompensated spins is intrin-
sic to the Malozemoff model [49, 50, 51]. Calculating the
HEB for this system within the Malozemoff model [9] one
would expect it to be about 600 Oe. The measured HEB
value of about 20 Oe is still 30 times lower.
Hc increases linearly as a function of temperature, con-
firming a strong interfacial coupling. The exchange bias
shows, however, a very different behavior. After a sharp
onset at the blocking temperature (TB=280 K), it in-
7creases linearly towards low temperatures. The blocking
temperature can be correlated to the temperature where
the AF domains achieve stability against the exchange in-
teraction with the FM layer as observed by neutron scat-
tering (Fig. 5b). This origin of the blocking temperature
can be inferred from the M&B model. There, the block-
ing temperature is always lower than the Ne´el tempera-
ture, and is essentially governed by the magnitude of the
AF anisotropy energy and interfacial exchange energy.
The temperature where the AF (effective) anisotropy be-
come strong enough to resist the rotation (remagnetiza-
tion) of the ferromagnetic spins, is defined as blocking
temperature [9, 44].
The astounding correlations between the temperature
evolution of the AF domain size, frozen-in spins, and
value of exchange bias are shown in Fig. 5. The temper-
ature dependence of the HEB and of frozen-in spins is
correlated with the average AF domain size and orien-
tation. Characteristic features of three different models
can be inferred from these data: the origin of the block-
ing temperature can be described by the M&B model,
the formation of AF domains are intrinsic to the DS and
Malozemoff models, and the linear dependence between
the AF frozen spins and the AF domain sizes are char-
acteristic to the Malozemoff model, demonstrating their
limitations. These features, including the noncollinearity
between the AF and FM spins, can all be accounted for
by the Spin Glass (SG) model [9, 40].
VI. CONCLUSIONS
In conclusion, we have investigated an archetypal ex-
change bias bilayer by using complementary neutron and
x-ray diffraction techniques. An almost anisotropic ori-
entation of AF domains is observed, thus, clarifying the
origin of the reduction of the exchange bias field in epi-
taxially grown CoO/FM bilayers by several orders of
magnitude. The blocking temperature for the exchange
bias is the temperature where the antiferromagnetic do-
mains achieve stability against the exchange interaction
with the FM layer. By contrast, at the Ne´el tempera-
ture the AF system develops a long range order against
thermal fluctuations. At low temperatures, the antifer-
romagnetic domains are not stable upon magnetization
reversal, which is directly identified as one contribution
to the training effect. Uncompensated frozen-in spins are
found to be remarkably well correlated with the antifer-
romagnetic domains and the exchange bias field. This
strongly supports a mechanism for exchange bias caused
by interfacial uncompensated spins.
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